There is a need for single cell analysis methods that enable the identification and localization of different kinds of biomolecules throughout cells and intact tissues, thereby allowing characterization and classification of individual cells and their relationships to each other within intact systems. Expansion microscopy (ExM) is a technology that physically magnifies tissues in an isotropic way, thereby achieving super-resolution microscopy on diffraction-limited microscopes, enabling rapid image acquisition and large field of view. As a result, ExM is well-positioned to integrate molecular content and cellular morphology, with the spatial precision sufficient to resolve individual biological building blocks, and the scale and accessibility required to deploy over extended 3-D objects like tissues and organs.
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Can we measure the diversity of cells?
A long sought-after goal of biology is to unravel how cells are internally configured and organized in tissues, in health and disease. The huge number of cells in mammalian tissues and their diverse properties makes this goal challenging. In recent years, thanks to the NIH Single Cell Analysis Initiative, the Chan Zuckerberg Initiative/Human Cell Atlas Consortium [1] , the Cancer Research UK Grand Challenge, and the BRAIN Initiative Cell Census Network (BICCN), the question is increasingly posed: can we measure the diversity of cells, characterizing the key molecular determinants of healthy functions and disease states, in a comprehensive way? Given that even deciding what molecular mechanisms are most important is still an open scientific question, we propose that developing new tools that are easily extensible to the measurement of many kinds of cellular property-genomic, transcriptomic, proteomic, morphological-might be of great use in empowering individual scientists and groups to do single cell analysis appropriate to confront their specific scientific questions.
Cell types and cell states
A common practice to explore cellular heterogeneity is to group cells into types, which are defined by a set of features that can each be quantitatively evaluated, making each cell a point in a high dimensional space, and a cell type a cloud of such cells [2] . A main driver of this way of thinking is that recent advances in genomics are allowing, for the first time, very high throughput and modest cost sequencing of DNA, of epigenetic signatures, and of expressed genes in RNA form, with single cell resolution. For example, one popular method is to microfluidically separate cells into nanoliter droplets, so that each cell's RNA content can be associated with a different nucleic acid barcode (i.e., a random sequence of nucleotides that serves as a unique cellular identifier); then, all the mRNAs can be sequenced via conventional means with the cell-specific barcodes allowing for assigning the transcripts to be mapped onto individual cells [3] . These advances are considered essential for characterizing cell types and cell states (i.e., finer scale variations in cells within a cell type), and their ease of use is already helping with the formulation of more precise definitions of cell type [4] . In particular, individual cells of the same type can no longer be viewed as identical units [5] . Instead, considerable variation in gene expression is observed even within a single cell type [4] . Concepts from the field of dynamical systems are used to describe these recent findings; as with other nonlinear systems, one or more possible solutions, termed attractors, are possible for any given cell. In this framework, attractors represent cell types or stable cell states. Cells of a given type generally vary in their states, across populations of cells and over time, by presenting properties at different regions within one attractor, but cells can also move away from a given attractor, even changing cell fate entirely, and therefore large cell-cell variability is expected, in many biological and medical contexts [6] . As examples, cells can engage in a transformation that takes them on a trajectory between two attractors, as during the process of cell differentiation, or even sometimes stay stably in between two attractors, a topic which has not been as explored as other topics in the space of cell typing.
The need for multiplexed measurement of different kinds of biomolecules
New technologies are clearly needed to make single cell analysis more powerful, accurate, and informative. Given that the relationships between the DNA, the RNA, and the proteins in a cell are subject to regulation at the transcriptional, translational, and posttranslational steps, surprising insights might emerge if more than one type of molecule was commonly measured within the same cell, a practice that is not yet as common as the analysis of one molecular type. In practice this is challenging, since current experimental methods don't allow this high level of multiplexing; for example, most methods for single cell RNA sequencing require the destruction of the DNA and the proteins, and most methods for proteomic analysis require the destruction of the DNA and the RNA. The difficulty in performing simultaneous multimodal measurements is unfortunate, as the alternative, namely analyzing one parameter across one set of cells, and then measuring another parameter across another set of cells, can lead to false conclusions. The two sets of parameters, thus measured, are often jointly analyzed by averaging each parameter across the individual cells used to perform the measurement, with the assumption that a cell with all parameters equal to the means of their observed values would be typical [7] . However, the mean cell thus calculated may not be typical, but rather may lie outside the population itself [7] . By measuring different parameters on different cells, perhaps even from different organisms, internal correlations that may indicate novel and important biological mechanisms may be missed. An inspiring example is the measurement of various ion channel mRNA counts in individual identified neurons of the crab stomatogastric ganglion [8] . When mRNA counts for a given potassium channel were analyzed for a given neuron type, across crabs, the mRNA counts appeared to vary wildly for those neurons, from crab to crab. But when two neurons of the same kind were analyzed within individual crabs, it became clear that the mRNA counts for that potassium channel were very similar within a given crab, even though the crab-to-crab variability was high. This observation predicts the existence of a novel molecular mechanism that enables two neurons of the same class to coregulate their gene expression, perhaps by the influence of a third party, or because of an emergent process occurring between the neurons.
The importance of morphology for cell types and cell states
Of course, molecular content, extensive as it may be, is only one of the relevant properties in naming cell types and interpreting the biological functions of cell states [2] . Morphology-both in regard to the configuration of molecules within cells in structured cascades (e.g., in neural and immunological synapses and other cell-cell contacts, highly scaffolded signal transduction pathways, nuclear chromatin structure, organelle-hosted metabolic pathway assemblies, and others)-as well as in the context of how cells are organized into complex tissues and organs-is completely lacking in most current high-throughput single cell characterization methods, which require the dissociation of the tissue into single cells in suspension, and then the destruction of the cells themselves.
Especially for the brain, where the details of cellular connectivity are essential for understanding the importance of a given cell type in neural information processing, the requirement for dissociation of tissues for RNA sequencing (for example) means that some information is currently permanently discarded in a typical single cell analysis. Without knowing where a given brain cell type receives information from, or where a given brain cell type projects to, the role that a given cell type plays in neural computation can remain unclear. In addition, hypotheses about the origins of some diseases involve the initiation of pathology at sites within an organ which also would benefit from morphological investigation. Other kinds of biological questions, such as understanding the tumor microenvironment for a cancer cell, or examining how a developing organ self-assembles, face similar issues. As just one example, a morphology-informed single cell characterization of the mouse liver revealed that cells expressed members of a given enzymatic cascade in a spatial pattern that mapped directly onto their temporal order of involvement in bile acid synthesis, suggesting a division of labor within the liver that would have been otherwise been missed [9] . Throughout much of biology, microscopy and imaging have proven important for understanding how molecules play roles in emergent cellular functions. Bringing these strategies into the realm of characterizing cell types and cell states may greatly enhance the ability of scientists to define the most important aspects of cell types, regarding their function and dysfunction.
Nanoscale localization of individual biological building blocks
Importantly, spatial information is important not only on the tissue level, i.e., the location of the cells inside the tissue, but also on the cellular level, i.e., the location of molecules within cells, and their relative organization with respect to each other. Recent interest in techniques such as cryo-EM has been driven in part by the desire to map how proteins work together in mesoscale structures to mediate complex functions. Super-resolution methods and electron microscopy have yielded a wide variety of insights into how proteins are organized with nanoscale precision. As just one example, a key component of neuronal communication is that each neuron can receive external signals from thousands of other neurons, connecting via synapses to different physical positions on the neuron surface. The signaling capacity of the synapses, and as a result the neuron's ability to respond to spatially different inputs, is realized by the nanoprecise subcellular distribution of molecules. A striking example is of N-methyl-D-aspartate receptors (NMDARs), ion channel proteins that are gated by the neurotransmitter glutamate. Nanoscale differences in the location of NMDARs can determine the functional output of NMDAR signaling in downstream physiological processes. While stimulation of NMDARs located at synaptic clefts can promote neuronal survival, stimulation of NMDARs just 100 nm away can contribute to neuronal death [10] . This is because activation of synaptic versus extrasynaptic NMDARs have opposing effects on downstream signaling cascades [10] . Thus, nanoscale differences in the location of a protein can yield different, even opposite, changes in downstream cellular processes. The nanoscale spatial organization of receptors and signaling proteins is also crucial for mechanisms underlying immune cell activation [11] . A specific example is that of proteins which regulate T cell activation. T cells recognize exogenous (or endogenous) antigens on antigen-presenting cells (APC) with specificity determined by the T cell antigen receptor (TCR), which starts the T cell activation process after binding to the linker for activation of T cells (LAT). By using super-resolution imaging it was discovered that, rather than mixing freely in the plasma membrane, TCRs and LAT molecules are under strict spatiotemporal control [12] . According to one model, before APC binding, TCRs and LAT molecules form distinct and stable membrane domains (termed 'protein islands') with average radii of 35-70 nm, whereas APC binding brings these domains together [13] . Thus, nanoscale super-resolution imaging revealed a spatiotemporal regulation of the receptors and the signaling molecules in the plasma membrane, and possibly a previously unrecognized mechanism of T cell activation. Considering the molecules independently, without considering their organization relative to one another, would not yield an understanding of how they work together to make a single cell do what it does. Many other examples of this exist, particularly within signaling cascades, in a diversity of cell types, including sensory transduction molecules [14] , G-protein-coupled receptors [15] , inhibitory synapse receptors [16] , and protein kinases [17] . The highly scaffolded and spatially organized nature of many signaling cascades is thought to contribute to their modularity, speed, regulatability, specificity, and robustness [17] . The technology we propose, expansion microscopy (see below), increases tissue size. So expansion microscopy may be helpful for characterization of cell types because it enhances the ability to examine the organization of molecules within cells, but it may incur a cost, namely that fewer cells will be imaged in a given field of view. However, given that new kinds of high-speed microscopes are currently being invented that can image increasingly large fields of view, such as light-sheet microscopes that can image expanded specimens extremely efficiently [18] , this trade-off may not be as severe as it initially looks. Diffraction-limited microscopes such as light-sheet microscopes are increasing in speed and volume imageable faster than super-resolution microscopes are, which makes the pairing of light-sheet and expansion a particularly interesting one.
The promise of in situ interrogation of intact tissues
In situ approaches utilizing imaging to assess the identity and location of specific biomolecules are well-positioned to allow molecular content to be profiled within the context of intact tissues and perhaps even intact organisms. Cell morphology can be preserved as well as the spatial location of molecules inside cells, and cells throughout tissues. Moreover, multiplexed in situ methods, such as multiplexed fluorescent in situ hybridization (FISH) methods capable of imaging the location and identity of hundreds to thousands of transcripts in individual cells in tissues [19, 20] , and in situ sequencing methods capable of sequencing RNAs in individual cells in their intact states [21, 22] , are rapidly improving, so that many different biomolecules can be interrogated simultaneously. However, there are several challenges with current in situ approaches. Most of the challenges are a result of the fact that cells are densely packed with roughly 10 9 DNA bases, 10 8 mRNA bases, and 10 12 amino acids, as well as lipids and carbohydrates, all jammed into a space typically a few microns in diameter [23] . Therefore, probing the molecules of interest is not trivial. This is especially true for thick tissues, where light scattering makes imaging inconvenient, and raises the requirement for deep-scanning methods such as twophoton microscopy, or for physical sectioning, which allows optical access and molecular labeling. Importantly, a growing number of tissue-clearing approaches have been instrumental in allowing in situ interrogation of thick tissue samples, including Scale [24] , SeeDB [25] , CUBIC [26] , CLARITY [27] , 3DISCO [28] , iDISCO [29] , PACT/PARS [30] , SWITCH [31] , and CUBIC-X [32] . Still, even if the molecules of interest are successfully targeted, reading out a dense signal is difficult with diffraction-limited microscopes, and capturing the nanoscale structural and organizational information is difficult. While super-resolution methods have been transformative in interrogation of specific samples, they are not easily scalable to large, sometimes thick, 3-D specimens typically analyzed in single cell analysis contexts, such as tissue specimens, brain circuits, and cancer biopsies. Therefore, currently with in situ methods only a handful of markers are usually assessed at a given time, with typically only one molecule type (DNA, RNA, or protein), and without nanoscale resolution [33] .
Expansion microscopy allows nanoscale precise single cell interrogation in intact tissues
Expansion microscopy (ExM) is a recently developed strategy for imaging molecular information throughout large cell and tissue samples, in 3-D and with nanoscale resolution, on ordinary diffraction-limited microscopes [34] . This is achieved by embedding the preserved sample (it does not preserve the living state, since it heavily chemically processes the tissue) in a matrix of swellable polymer, which is synthesized, from added monomers, throughout the specimen at a density on par with the density of biomolecules themselves, followed by homogenization (via heat, detergent, and/or enzymatic treatment) to enable molecules to be separated from each other, and finally isotropic physical expansion of the sample. While the concept of embedding samples in a polymer hydrogel matrix for improved imaging originated in the early 1980s by Hausen and Dreyer [35, 36] , such strategies have only recently been popularized through techniques such as CLARITY [27] , which enables optical clearing of tissue and interrogation of thick tissue samples. In expansion microscopy, hydrogel embedding is performed with a highly swellable polyelectrolyte gel of crosslinked sodium polyacrylate, which swells when exposed to water. The phase transition physics of such swellable polymers was worked out by Tanaka and colleagues in the 1980s [37] . Synthesis of such polymers from their monomer building blocks, throughout cells and tissues, followed by expansion of the polymer-specimen composite, has enabled nanoscale imaging of large intact cell and tissue samples [34, 38, 39] , on ordinary high-speed diffraction-limited microscopes.
Specifically, this is done by first chemically tagging biomolecules and/or fluorescent labels so that they can be anchored to the polymer matrix (Fig. 1A) . The polymer reagents (i.e., monomers, crosslinker, and activator) are diffused into the sample, and then the polymer is formed in situ. Varying the concentration of the polymer crosslinker controls the expansion factor of a given polyelectrolyte hydrogel, with higher levels of crosslinker resulting in less expansion, although the resultant distortion and resolution has not been systematically characterized except for the recipe that yields~4.5x linear expansion [34] . After [63] and [41] . Panels B-G adapted from Ref. [34] .
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The FEBS Journal (2018) ª 2018 Federation of European Biochemical Societies polymerization, the tissue is then homogenized through heat treatment, detergent treatment, and/or enzymatic treatment, enabling isotropic expansion (Fig. 1B,C) . The sample can then be expanded by placing it in water, at which point it becomes transparent, since it is mostly water (Fig. 1D) . The process of expansion takes about a day, with actual hands-ontime of perhaps an hour or two for an experienced practitioner. After expansion, the tissue can be further processed for signal amplification or identification of biomolecules. Two rounds of expansion, aimed at enabling even greater physical magnification than achievable in a single round, can be achieved by using an iterative process. This is done by forming a second swellable polymer network within the space opened up by a first round of expanding a specimen; then, the original polymer network from the first round of expansion is degraded, and the newly synthesized network is expanded, for a second round of physical magnification [39] . The expansion process was designed to be highly isotropic and to provide high resolution in expanded samples. The density of reagents is set such that the spacing between polymer chains is estimated to be a few nanometers-around the size of a typical biomolecule [34, [38] [39] [40] . In addition, the tissue homogenization step has been parameterized to minimize barriers to polymer expansion.
The isotropy and resolution of expanded samples has been estimated in a diversity of cell and tissue types. The gross expansion factor and isotropy can be measured by comparing features pre-and postexpansion and calculating the deformation via a nonrigid registration process. This enables quantification of the error of feature measurements. After a single round of 4.5x linear expansion, Chen et al. measured 1-4% distortion errors in measurements over length scales of tens to hundreds of microns ( Fig. 1E-G; [34] ), an error range that has now been replicated for multiple expansion protocols applied to a diversity of other cells and tissues, including human tissues [39, [41] [42] [43] [44] . Notably, this error varies nonlinearly with the actual measurement length; larger lengths have less relative error (Fig. 1G) . Alternatively, the resolution has been estimated by measuring the size of stereotyped structures such as microtubules [34] , clathrin coated pits [34] , and mitochondria [41] for which 'ground truth' measurements are known from classical imaging methods such as electron microscopy, or for which comparisons could easily be made between pre-and postexpansion images. These measurements have resulted in estimates of the resolution of expansion microscopy to be~60-70 nm for~4.5x expansion [41] , very close to what might be expected for ã 300 nm diffraction-limited lens if boosted in performance by~4.5x (~300 nm/4.5~60-70 nm). After two rounds of expansion (~4.5 9 4.5~20x expansion factor), a resolution of~25 nm was observed [39] , slightly larger than the theoretical limit of~300 nm/ 20~15 nm. In this case, the resolution floor was likely limited by the size of the antibodies (~10-15 nm for the combination of primary and secondary antibody) used to crosslink the proteins of interest to the polymer network. Thus, even though the spacing between polymer chains is very small, as described above, applying antibody stains before expansion will limit the ultimate resolution to the size of an antibody.
Beyond these stereotyped structures, it remains an area of future research to determine if all subcellular regions expand isotropically down to very fine resolutions in the range of a few nanometers to tens of nanometers. For example, if there are regions of a cell which exclude, or reduce the concentration of, the reagents needed for polymerization, it is possible that these regions would be distorted and/or have reduced resolution compared to other tissue regions, at least for existing expansion microscopy chemistries (although further chemical innovation may be able to alleviate these concerns). The nucleus, for example, is densely packed with DNA and other biomolecules, raising the question of what happens to the topology of the genome, at very fine length scales of nanometers to tens of nanometers, when the nucleus is expanded. Furthermore, certain types of biomolecules may be less amenable to visualization using current versions of expansion microscopy. For example, biomolecules which are not well-fixed using standard formaldehydebased fixation, like lipids, small molecules, and ions, are unlikely to be available for crosslinking into the polymer matrix, and hence would be difficult to visualize using expansion microscopy. However, new kinds of fixatives or preservation processes may be able to overcome this limitation of current expansion microscopy protocols. Finally, tissues that have been fixed with extremely strong fixatives may be difficult to expand isotropically, since such fixatives may impede even expansion. Future improvements in the fixation and expansion chemistries may alleviate such concerns.
Nanoscale detection of proteins with expansion microscopy
Since the first report of expansion microscopy, many forms of the technique have been developed to enable nanoscale detection and localization of proteins via fluorescent antibody labeling or fluorescent protein fusion [34, 38, 39, 41, 43] . These methods directly anchor proteins to the swellable polymer matrix via a small molecule linker which reacts with free amines of proteins and can be copolymerized into the swellable, acrylate-based polymer matrix. Samples containing fluorescent proteins and/or fluorescent antibodies before polymerization can be expanded, enabling direct visualization of the fluorescent proteins and applied fluorescent antibodies (Fig. 2) . Alternatively, samples can be expanded first and then antibody-stained postexpansion, taking advantage of the decrowding of epitopes that occurs when labels are applied postexpansion. This is an interesting case because it may be possible to label proteins in dense complexes, or with hidden epitopes, in a fashion that is not possible through any other microscopy technology. It may also be possible to achieve an additional resolution boost because the separation between proteins will be large, and thus the resolution loss due to nonzero antibody size would be reduced. One practical consequence of epitope decrowding is that diffusion of antibodies into samples is facilitated, and multiple rounds of labeling and destaining are enabled by the decrowding process [34, 38, 39, 41] . Indeed, such a method can be utilized with large scale tissue samples as large as an intact mouse brain. The usability of ExM in probing subcellular location of proteins within complex natural environments has been demonstrated by many research groups working on a diversity of topics. In the short time since these technologies were published, already dozens of papers have begun to appear utilizing expansion microscopy to probe the relative organizations of proteins and other biomolecules. As just a few examples: Deshpande et al. [45] employed ExM to probe the subcellular organization of the astrocytic gap junction protein Cx43, in human brain specimens, revealing fine details of the organization of this protein amidst blood vessels and other cell types, and how this organization changed in the context of epilepsy. Crittenden et al. [46] used expansion microscopy to resolve the arrangement of striosomal fibers and dopamine-containing dendrites in the substantia nigra, revealing the densely intertwined nature of striosomal axons and dopamine-containing dendrites. Chozinski et al. [43] examined kinetochore structures in cells undergoing mitosis, revealing the detailed organization of cytoskeletal and associated proteins operating during cell division. The ability of ExM to allow for the examination of detailed cellular phenotypes in intact contexts is enabling it to make nanoscale and multiplexed molecular imaging into a simple element of the single cell analysis toolbox.
Expansion microscopy is compatible with a wide diversity of labeling strategies, microscopy platforms, and biological contexts. For example, the synaptonemal complex is a protein structure that forms between homologous chromosomes during meiosis, and is thought to help mediate chromosome pairing, synapsis, and segregation. Several studies have explored the 2D organization of components within the synaptonemal complex, and shown that the width of the structure, spanning between sister chromatids, ranges between 90 and 150 nm [47] . However, the density of the various structural components across this distance makes it challenging to further characterize the 3D organization of the synaptonemal complex. Cahoon et al. [48] recently used expansion microscopy, followed by structured illumination microscopy, to directly visualize the transverse filaments spanning between sister chromatids. They were able to map out how different proteins dimerize and interact with one another, in this protein complex, by labeling different proteins in different locations and then performing expansion microscopy. Further work in this area could help elucidate the structural basis for accurate chromosome segregation during meiosis.
Nanoscale detection of RNA with expansion microscopy
In addition to visualizing proteins, expansion microscopy has been adapted and used for visualization of DNA and RNA [18, 42, 49] . In expansion fluorescent in situ hybridization (ExFISH), RNAs are covalently anchored to the polymer matrix via a small molecule label that binds to guanine and can be copolymerized into the swellable, acrylate-based polymer matrix. After expansion, these RNAs are labeled with FISH probes [18] (Fig 3A,B) . For low copy number mRNAs (Fig. 3C, lower left) , the postexpansion transcripts are comparable in number to the pre-expansion transcripts, indicating high RNA integrity of the expansion process. For highly expressed mRNA transcripts however (yellow spots in Fig. 3C ), more transcripts were detected after expansion than before expansion, indicating that the expansion process decrowds transcripts that were previously indistinguishable, making them more precisely countable. Recently, Xiaowei Zhuang's group found that by combining their multiplexed fluorescence in situ hybridization method MERFISH with expansion microscopy, a 10-fold increase in the density of high-abundance RNAs could be obtained [50] . Labeling of RNAs can be easily multiplexed with ExFISH ( Fig. 3D ) and combined with protein labeling (Fig. 3E,F) using the techniques described above, to obtain information about both proteins and RNA in the same set of cells or tissues. One simply applies both the linker that binds proteins and the linker that binds RNA to the same specimen, so that both proteins and RNAs can be anchored to the polymer during the polymerization step. Use of ExFISH can enable new insights into the localization and identity of specific mRNAs within cellular compartments. For example, the spatial (there is some sample-to-sample variability in expansion factor; in practice it is easy to measure the expansion factor for a given specimen: simply take a lowmagnification image before you expand, and another lowmagnification image after you expand, and compute the ratio of an easily seen feature, pre-expansion vs. postexpansion); Blue, DAPI; green, vimentin; magenta, KRT19. Adapted from Ref. [42] .
organization of mRNA within neurons is important for neural development, and plays important roles in synaptic plasticity, learning, and memory [51] . The total number of dendritic mRNAs is notably smaller than the number of synapses, and consequently, some synapses lack the mRNA needed for immediate translation dependent plasticity [52] . Several studies have utilized in situ hybridization to estimate the sparsity of mRNAs within dendritic trees, but it remains challenging due to the spatial complexity of the dendritic tree and the wide variation in mRNA abundance, which can range over 3 orders of magnitude. By using ExFISH, Chen et al. [18] demonstrated 3D nanoscale imaging of the Dlg4 mRNA, which encodes for the postsynaptic scaffolding protein PSD-95, and is known to be dendritically enriched (Fig. 3E,F) . Dlg4 mRNA was directly visualized within dendritic spines, which were filled with cytoplasmic YFP, which could be simultaneously imaged by using protein anchors in conjunction with RNA anchors. Consistent with the literature, individual Dlg4 mRNAs were detected within a sparse subset of spines, and it was feasible to directly visualize the mRNAs within specific dendrites in the dendritic tree in situ within a thick 3D brain slice ( Fig. 3E,F ; [18] ). Coupled with multiplexed coding schemes mentioned above, ExFISH holds promise for in situ characterization of RNA and synaptic organization in intact brain circuits.
Clinical application of expansion microscopy
Expansion microscopy is spreading rapidly in biological and medical fields where single cell analysis is highly relevant. There are a wide range of samples that have been successfully expanded and imaged using expansion microscopy, including (in studies not described above) bacteria [53] , the pathogen Giardia [54] , the planaria Schmidtea mediterranea [55] , isolated mitochondria [56] , many kinds of cultured cells [49, 57, 58] , diverse mouse tissues [59] [60] [61] [62] , a whole mouse brain [32] , Drosophila [48] , zebrafish [44] , and diverse human tissues ( Fig. 4; [42] ). In many of these cases, expansion microscopy has enabled single cell analysis within intact tissues. Of translational interest, applying expansion microscopy may also help improve single cell characterization for a diversity of clinical applications. For example, the pathology classification of nuclear atypia in early breast lesions has proven to be challenging, partly because the information in traditional hematoxylin and eosin (H&E) stained images is limited by the optical diffraction limit. In contrast, by using a nuclear DAPI stain and expansion microscopy, computational detection and segmentation of nuclei was found to be significantly more accurate than in the H&E stained unexpanded case, and this improvement was borne out as an improvement of the diagnoses possible with machine learning classification models trained on expert assessments [42] . This type of analysis could be used to support improved computational pathology analyses in the future.
Summary
To better understand biological systems and improve clinical medicine, we will need multiplexed methods that integrate genomic data, molecular content, and cellular morphology, ideally with the spatial precision sufficient to resolve individual biological building blocks, and with the scale and accessibility required to deploy over extended 3-D objects like tissues and organs. Tools like expansion microscopy can help us to characterize and classify individual cells and their relationships to each other within intact systems. Expansion microscopy is easy to learn, with many protocols and tutorials available [63, 64] . We are optimistic that integration of these data can help reveal new insights into fundamental questions of biology in health and disease.
